Abstract:
Analogical thinking involves the transfer of information from one domain (the source) to another domain (the target). This is widely considered to be an important process in creative design and innovation (Chan, Fu, Schunn, Cagan, Wood, & Kotovsky, 2011; Dahl & Moreau, 2002; Enkel & Gassmann, 2010; Kalogerakis, Lüthje, & Herstatt, 2010; Herstatt, & Kalogerakis, 2005) . Biologicallyinspired design -BID (also referred to as biomimetics or biomimicry) is a good example of this as it is a design practice which involves identifying and applying analogies from the biological domain to the technical domain. To assist with BID processes, design researchers have developed computer support tools that store and present information about biological and technical systems, so that possible connections can be identified. However, these analogical design support tools have seemingly been developed based on limited information about real-world user needs. Instead, they are primarily based on theory (from multiple fields), student BID projects (with or without access to information tools) and historical anecdotes (often quite brief accounts).
To better understand the requirements for analogical design support tools, we here report on an interview study of professional BID projects. We discuss the expectations that BID practitioners have for software tools by addressing three main levels of analysis in relation to BID practices: the skill sets of individuals involved in BID; the ways in which individuals work together as part of interdisciplinary teams; and the ways in which those individuals or teams orient towards biology. We show the ways in which software tools could be employed at all three levels in order to support BID processes, and we illustrate the variety of BID processes that might be relevant. These findings advance our understanding of analogical design and our understanding of the requirements for analogical design support tools. Ultimately, by exploring these requirements we intend to provide a more solid foundation upon which analogical design support tools can be developed and deployed.
Literature review
Analogical transfer is useful when there is some similarity between the source and the target domains (or the relations in those domains) and where that similarity permits reasoning across domains (e.g., Gentner, 1989; Vosniadou & Ortony, 1989) . Where the source domain is familiar and accessible, drawing analogies can make new subjects easier to understand, facilitating the discovery, development, evaluation and exposition of (natural and social) scientific knowledge (Holyoak & Thagard, 1995, pp. 191, 209) . Consequently, analogies are prominently used in many professional practices, including science (Oppenheimer, 1956) , medicine (Clarke, 1978) , management (Bingham & Kahl, 2013) , and education (Dupin & Johsua, 1989) . Analogical thinking is also central to much design activity, where it serves in identifying and solving design problems and in explaining design concepts to others (Christensen & Schunn, 2007) . Collectively, these aspects of analogical thinking provide the opportunity to generate creative design proposals that lead to innovative products, systems, and services (Dahl & Moreau, 2002; Hey, Linsey, Agogino, & Wood, 2008; Kalogerakis et al., 2010; Chan et al., 2011) .
One of the most difficult challenges in constructing analogies is the retrieval of a plausible source, especially where the search space is large and where the relationship to the target is not obvious (Holland, 1986, pp. 288-289, 312) . Such challenges have led to suggestions that it is helpful to have a catalogue of possible sources to draw from and some means of identifying those sources that are related to the targets that are being considered (Linsey, Wood, & Markman, 2008) . In response to this need, design researchers have developed computer support tools that assist in the construction and application of both cross-domain analogies (e.g., Chakrabarti, Sarkar, Leelavathamma, & Nataruju, 2005; Shu, 2010; Vattam & Goel, 2011; Cheong & Shu, 2012; Goel, Vattam, Wiltgen, & Helms, 2012) and within-domain analogies (e.g., Barber et al., 1992; Pearce et al., 1992; Maher, Balachandran, & Zhang, 1995) .
Many analogical design tools represent biological systems as the information source so that those tools can support the process of biologically inspired design (for brief reviews see Arlitt, O'Halloran, Novak, Stone and Tumer, 2012; Fu, Moreno, Yang and Wood, 2014; Glier, McAdams and Linsey, 2011; Goel, McAdams and Stone, 2014 ; and see Wanieck, Fayemi, Maranzana, Zollfrank and Jacobs, 2017 for a more detailed overview). Some databases adopt a functional modelling approach to structuring the content, listing possible analogical sources from biology ("DANE" as well as artificial systems ("Idea-Inspire" - Chakrabarti et al., 2005) . These systems classify the content based on function-structure ontologies and make that content searchable with user-defined queries. Additionally, some tools also invite experts to create the content collaboratively ("AskNature" - Deldin & Schuknecht, 2014) . Compiling these databases is labour-intensive, requiring information to be identified and formatted to the system's requirements. Sources such as text books, scientific papers and websites provide more open-ended possibilities for identifying potential analogies, however it is difficult to search through them as the language adopted by biology is often different to that used in engineering (Shu, 2010) . There are efforts to translate this knowledge by using natural language processing approach ("BioMAPS"-Cheong & Shu, 2012) and translation guides to assist with the search process ("Engineering-to-biology thesaurus" -Nagel, Stone and McAdams, 2010).
In research settings, these tools often serve two interconnected purposes. First, they are developed to promote and support analogical thinking in design practice (or they represent the types of systems that could do so). Second, use of these tools provides a basis upon which analogical thinking activities can be studied in observational or experimental research. As such, the tools are both the manifestation of knowledge about analogical design and one of the means by which that knowledge is generated. Of course, the ultimate aim of analogical design support tools is to provide stimuli that assist in the construction of analogies and thus facilitate creative design work (Deldin & Schuknecht, 2014) . This creative work might be evident in the design solutions that designers arrive at or in the problem reframing activities that occur during the design process .
A range of analogical design support tools have been evaluated, either individually or comparatively, and with respect to quite objective performance measures and also more subjective user feedback.
For example, the tools have been theoretically analysed based on the issues addressed in the literature (Fu et al., 2014) , and also assessed with students in educational settings, including measures of usability and usefulness (Arlitt et al., 2012) , based on both quantitative (Vandevenne, Pieters, & Duflou, 2016) and qualitative data . Professional participants have also been involved in tool evaluation, with the general usefulness of the tools being assessed (Chakrabarti et al., 2005) and the most appropriate design stages for tool use being identified (Fayemi, Wanieck, Zollfrank, Maranzana, & Aoussat, 2017) .
Although many analogical design support tools have been developed, studied and evaluated, there is little documentation of the user requirements for such tools. A better articulation of user requirements would offer at least two benefits. First, developing design support tools according to a set of user-centred 'needs' promises to decrease development time (by providing clearer goals and information about trade-offs) and also to increase uptake (by improving effectiveness and ease of use). Second, analogy-driven design activities are most easily studied when the tools used to support those activities fit well with the requirements of their users. The need for better software tools is supported by observations of analogy use in professional design practice, with designers criticizing existing tools for not providing effective mechanisms for identifying and applying knowledge from other domains (Kalogerakis et al., 2010, p. 433) . The need to adopt a user-centred approach to analogical design tools is recognized in the research community also, with calls to focus on issues of usability, interface design, visualization, and search (Goel et al., 2014) . This is part of a more general ambition to develop tools that assist people's creative work without disturbing the natural flow of their activities (Hewett, 2005 
Information content
• abstraction -deriving general principles from specific instances • exemplification -illustrating general principles with specific instances • mode of representation -displaying text, drawings, photographs, and so forth • open-endedness -permitting different, interpretations of the information • concision -balancing brevity with completeness • multiplicity -maintaining diversity and variety of content
Interaction qualities
• accessibility -allowing easy retrieval of the content • interactivity -providing active control and continuous feedback • transparency -providing clarity in interaction • connectivity -integrating the tool with other systems • shareability -allowing content to be communicated to other stakeholders • restoration -permitting the resumption of previous activities • adaptability -allowing the nature of the interactions to change
The relationships between these requirements were found to be quite complex, with some being mutually supporting, whilst others being in conflict. Töre Yargin and Crilly (2015) concluded that the two key requirements were open-endedness and accessibility, and that tool developers should focus on delivering these first and then look to manage the interactions between the other requirements.
Although Töre Yargin and Crilly's (2015) review is useful in proposing a set of user requirements for analogical design support tools, their study is also limited by the literature on which it is based. That literature is primarily theoretical or experimental in nature, lacking an explicit grounding in the practices of professional designers. As such, we might ask questions about what user requirements would be identified from studying real-world analogical design projects. What does analogical design look like in the wild? How could that process be assisted? What tools or techniques are already in use? What are the limitations of those tools? What are the requirements for future tools? The study reported here seeks to address such questions by surveying BID practitioners' experiences of the process of analogical design and eliciting their opinions on what design support tools should be like.
Although there are a variety of possible analogical sources from which designers might draw, we focus on the biological domain (and bio-inspired design tools) for three reasons: (1) because of BID's recent rapid expansion and wide applicability across a range of technologies, problem types, and design disciplines (Lepora, Verschure, & Prescott, 2013) ; (2) because BID is, by definition, based on cross-domain analogies and thus promotes or permits a wide range of analogical distances (Goel et al., 2014) ; and (3) because there has been much recent BID tool development work with associated studies of designer interactions with those tools (e.g. see Arlitt et al., 2012; Vandevenne et al., 2016) .
Methodology
Over a 10 week period, semi-structured interviews were conducted with 14 expert practitioners in BID. This was to understand their experiences and to learn their expectations regarding information tools intended to assist in the identification and application of cross-domain design analogies.
Sample
To identify professional BID practitioners engaged in real-world projects we searched the AskNature database (Deldin & Schuknecht, 2014) and conducted further internet searches using the keywords 'bio-inspired design', 'biologically inspired design' and 'biomimicry'. For consistency, we limited the search to examples of physical bio-inspired products developed in professional settings, including both academia and industry. To ensure a focus on real-world projects, the products were required to either be commercially available or at a developmental phase that included physical applications or prototypes. Moreover, only products that were already patented or publicised in journals such as Nature, Science and Bioinspiration & Biomimetics were considered. Finally, it was required that there was a clearly identifiable expert associated with the design. The criterion used for defining the most relevant expert for each project was that they should have been responsible for the identification, mapping and transfer of the solutions from the biological domain to the technical domain. From this selective search, 42 products were identified, each with an associated expert. These experts were individually invited to participate in the study, with twenty (48% of 42) responding to the initial invitation and fourteen of those (33% of 42) being available for interview.
Participation in the study was on the basis that the anonymity of people and projects would be preserved. However, those people and projects can still be characterised at a general level (see Table 1 ), consistent with the objectives of the study. All participants were employed by academic or commercial institutions and had an average of 22 years professional experience (ranging from 3 years to 44 years). The participants were geographically dispersed, spread across four continents.
The projects that the participants were associated with represent a diverse range of industrial sectors, which are here described using the Global Industry Classification Standard (GICS) 1 . Lepora et al.'s (2013) analysis on publications regarding biomimicry, robotics is one of the most popular topics in the area) and it is hard to specify a single industrial sector for robots, since they often have more than one area of application. Where applicable, the industry which the robotic device was developed for is indicated as in P13.
Data collection
Because of the participants' geographical distribution, interviews were conducted using internet telephony. This sometimes included a live video stream if the participants preferred (for a discussion of the method, see Deakin & Wakefield, 2014; Hanna, 2012; O'Connor, Madge, Shaw, & Wellens, 2008) . Prior to the interview sessions, all participants were sent an information pack, including an informed consent form and an overview of the topics to be addressed in the interview. All participants permitted recordings to be made of the interviews, which averaged thirty minutes in length. The interviews covered four basic themes: (1) the story behind the example product, (2) how the connection between the inspiration source and the target feature was identified, (3) information search activities related to BID, (4) the prospect of using an information tool for BID.
Data handling and analysis
The audio recordings were transcribed verbatim and the transcripts were then imported into qualitative analysis software (ATLAS.ti). A combination of deductive and inductive approaches were adopted. The deductive analysis involved coding the participants' contributions with a provisional 'start list' of constructs (see Miles & Huberman, 1994 ) that had been identified from a review of the relevant literature, as summarised in Section 1. The Inductive analysis involved iteratively reviewing the transcripts to identify new themes in the data and coding the data accordingly (see Thomas, 2006) . Two coders independently and iteratively worked through the transcripts, with the resulting analysis combining contributions from both of them.
The main themes emerging from the analysis are reported in Section 3, supported with illustrative quotations from the participants. Wherever possible, we try to allow the 'talking' to be done by the participants, because the voice of professional BID practitioners is largely absent from the tool development literature. Although the analysis was conducted on full verbatim transcripts that reflected pauses, broken sentences and repetitions, the quotations provided here are edited for ease of comprehension. Also, where necessary, certain details of the product, process or market have been described in more general terms to preserve the anonymity of the participants. Where requested, participants were also given the opportunity to edit their quotations for correctness and anonymity. This anonymity is further protected by using gender-neutral pronouns (e.g. 'they' to refer to individuals). Whether for reasons of anonymity or clarity, substantial editorial additions or substitutions are enclosed in square brackets. Otherwise, the language used is entirely that of the participants.
Findings
In presenting the research findings we propose three levels of analysis: (1) the skill sets of individual practitioners, with a focus on their personal characteristics and inclinations; (2) the ways in which individuals work together as part of a team, with a focus on interdisciplinary collaboration; and (3) the process of developing BID ideas, with a focus on orientations to biology. We discuss each theme in turn, identifying the most relevant user requirements using the terms proposed by Töre Yargin and Crilly (2015) 
The skill sets of individual practitioners
The BID practitioners we interviewed referred to a set of personality traits and characteristics that support creative thinking: openness to serendipity; an interest in multiple fields; and personal strengths in navigating these fields and in making cross-domain connections.
Openness to serendipity: interactivity and adaptability
In the development stories recounted by the practitioners, serendipitous encounters that trigger novel ideas played an important role at the concept stage of the design process. These unexpected instances were described as eureka moments, or epiphanies: The practitioners sometimes regarded chance encounters as uniquely addressed to themselves, as 'personal happenstances' that linked their own various interests into generating a novel idea.
Serendipitous encounters with new information, people, or objects -such as the figurine, in the example above -cannot be programmed or controlled. Letting oneself be inspired is an intimate process that comes from, and is integrated into one's life; it surpasses the domain of work, connecting one's professional activities with pastime activities. Because of this, some participants pointed out that BID tools could not easily replace or mimic the role that chance encounters played in the development of a novel concept. shape it however it suits them, it will be invaluable… (P05)
When users perceive the curation of content they are provided with as unique and tailored to their own personality and interests, they can expect further chance encounters to arise in the way this information is revealed to them, rather than assuming that the tool will provide nothing more than the standard search engine experience. Therefore, if support tools possess the characteristics of interactivity and adaptability then this can enhance opportunities for serendipity by recreating some aspects of personal happenstances.
Interest in multiple fields: abstraction and exemplification, multiplicity and openendedness
Another skill that the research participants thought was important for facilitating analogical thinking was that of having curiosity and broad interests. In order to work within teams that are developing bio-inspired design, one needs to have, in the first place, an interest in the natural world. This personal interest becomes part of one's skillset when employed in professional settings. I often tell junior engineers, the best kind of science is the one that we learn directly from nature. … Particularly in engineering, all we're doing is iterating, we're not innovating. However, if the information is too abstract, or too general, it might be difficult to see the ways in which it could be relevant in relation to much more specific design questions:
I think in a lot of … research … the questions you have are so specific, it's very hard to create a general database which has a lot of inspiration, because it will never have that specific answer for you. (P04)
In order to move from generality to specificity in the information content of a database, that information could be presented with a higher degree of exemplification.
The skill of maintaining a wide range of interests and of looking for inspiration in other fields is also supported by the types of knowledge BID practitioners are able to access. Academic and general knowledge were identified as the two main types of knowledge one could employ and mix in order to maintain one's curiosity in other fields. While the ways in which scholarly papers present information could sometimes be inaccessible or incomprehensible -especially for a reader coming from a different discipline -general knowledge would not suffice. Finding the right level of description is one of the main challenges that BID practitioners face, especially at the concept generation stage of the design process.
I usually spend my first one to two hours every morning just reading, you know, things like National Geographic, Science, Nature… you know, and a number of other science blogs and By providing a mix of academic and general knowledge, analogical design support tools could help BID experts save time in the process of browsing through different information sources, while also potentially supporting a more systematic approach to browsing. Therefore, when the information content of software tools exhibits multiplicity, open-endedness, and a mix of abstraction and exemplification, these tools could be relevant for BID practitioners in maintaining a wide range of interests.
Making connections between domains: cross-disciplinary education
Beyond maintaining interests across a range of fields, BID practitioners need to be able to make connections between domains in order to propose novel applications of cross-disciplinary knowledge. One of the main challenges the research participants identified in this respect is that of navigating through a large amount of information while being able to see connections across disciplines. While the 'buzz of inspiration' might not be something that can be programmed into an individual, some practitioners stressed the importance of training and education across fields for supporting the development of the skill of navigating through disciplines and making connections across them.
… it also needs to be together, like actually working together with humans that are from biology, and some that are trying engineering. A lot of things happen through that. So,
[these] departments should be close [to each other], seminars should be organized, programs should be joined between departments. Things like that would be helpful. (P10)
I think my recommendation would be to get biomimetics taught as a module in engineering degrees. But my main concern is that biomimetics ought to be taught in the biology classes.
In other words […] to encourage bio-inspiration, we need to get cross-fertilisation of ideas.
Therefore, we need to get more interaction between biologists and engineers. (P14) Therefore, it could be argued that there is an opportunity for educational software tools -when employed as part of wider cross-disciplinary educational programs -to support BID practitioners in developing skills for making connections between domains. BID tool developers might also consider the multiple users that they are potentially designing for, including not just designers, but also biologists and other members of a cross-disciplinary development team.
Interdisciplinary collaboration
When individuals work together within teams in order to develop bio-inspired products and technologies, they often have to collaborate with peers coming from other disciplines. In describing their collaborative work practices, the practitioners emphasized the challenge of cross-disciplinary translation, and the importance of visual representations for communication within teams.
Cross-disciplinary translation: multiplicity and transparency
Specialization in a particular field implies learning the language of the field, which then mediates the ways in which one regards the physical world, and approaches research questions. In interdisciplinary work settings, commitment to only one scientific language can become a form of bias that impedes dialogue and limits the level of innovation that can be achieved. The practitioners talked at length about the importance of understanding the language -and the worldviews -of their colleagues and teammates coming from other disciplines. This mutual understanding can be [The available tools,] they're somewhat limited, in that they're going to look at some specific examples, something that's already gone through some maturation. So unless it's already identified as biomimetic, and not everything is always identified as biomimetic, [you won't find it]. Sometimes you just have analogies that they don't realize that there is a potential biomimetic connection. (P02)
Even though an open software system can enable users to overcome the limitation mentioned above, it may also raise questions about credibility. To overcome this, transparency is sought not only in the form of input to the software, but also in relation to the recommendation and reputation systems that might be invoked.
[ 
Therefore, when displaying multiplicity and transparency in the way the information is presented, software tools could support cross-disciplinary translation within BID teams.
Visual cross-disciplinary communication: mode of representation
The BID practitioners emphasized that the visual domain was an important element in their work practices, where being able to visualise the ways in which bio-inspired features would work in a new product, and how the finished product will look and function, were often the first steps in the development of new products and technologies. Some practitioners considered that working together with people from disciplines that privilege visual information, such as the arts, would be beneficial to biomimetic innovation projects. Third, it was suggested that, as well as pictures, line art was another form of visual representation that could be included as a special feature of design-oriented software tools and databases. 
Orientations to biology
The processes of developing BID ideas illustrate specific orientations to biology that the team members follow in their work, implicitly or explicitly. Below, we discuss three orientations to biology that could be identified in the research participants' accounts: nature is not perfect; environment, interaction and exchange; and animals as machines.
Nature is not perfect: examples of non-optimal solutions
The practitioners claimed that novices can sometimes fall into the trap of assuming that any biological inspiration could result in a useful or optimal product. In contrast, those with years of experience in BID are more likely to realise that nature is not perfect.
[…] this brings up another, I think, weak point in the biomimetics field. I don't know if I'm being overly-sensitive when I say this, but I feel like sometimes people assume that nature has come up with the best solution that anybody can ever invent; and I don't think that's necessarily true whatsoever. You know, a great example of that is airplanes: lift and propulsion are totally decoupled, right? You have the engine, and then you have the wing, right? Whereas, in a bird, they're coupled. The wing that provides lift is also the propulsion source. Well, from an engineering perspective it makes a lot of sense to do the wing and the engine, you know, as separate things. (P13)
The assumption that nature is perfect could sometimes be employed in a simplistic way as a justification for having developed a useful product. Experienced BID practitioners, however, know Software tool developers could respond to this in different ways. The tools might explicitly incorporate and discuss examples of 'non-optimal solutions' in order to assist users in moving beyond the assumption that nature is perfect (should they hold such an assumption or lapse into it).
Or, the tools could identify those specific features that are known to be compromised in otherwise efficient systems so that users are not left puzzling over seemingly inefficient details (which might just result from path-dependant development processes). Alternatively, the tools could emphasise where the biological entities that are represented are not well understood in biological science.
I searched for papers on the genealogy and biology of a [specific insect]. For example, I
wanted to know: why is the [specific insect] blue? What biological function does that serve?
It was interesting to find that nobody really understands it. There are several theories, but nobody understands why. What evolutionary factor made the wings blue? (P08)
In other cases, the efficacy of a specific feature might be less apparent in the biological entity than in the resulting BID product:
One interesting thing is that […] we didn't realize that a single blade is actually really efficient…. That's something that wasn't obvious from the inspiration, [and] that actually turned out to be something really good [useful] . (P06) Therefore, by including examples of 'non-optimal solutions' in biology, together with case studies when such examples inspired novel products and technologies, software tools could support BID practitioners in developing a more complex understanding of nature.
Environment, interaction and exchange: multiplicity of information content and of representations
A focus on ecologies, rather than just on individual organisms, is another way of employing a more complex understanding of nature in BID projects. One can learn as much from an organism's interaction and exchange with its environment, as from understanding the internal structure and processes of that organism:
There is a misunderstanding in most of biomimetics, and that is that by understanding bones, or corals, you can design something as good as that. 
Animals as machines: models and catalogues
Sometimes the engineering knowledge employed in BID projects involves applying mechanical principles to living organisms. The research participants coming from engineering backgrounds mentioned these aspects of their work by describing how, in some situations, they tried to calculate the efficiency of animals' movements and actions by using principles and formulas from mechanics.
This process of calculation was necessary in order to discover where exactly, in the way an organism worked, laid the novelty that could further inspire the development of an innovative product.
It will be interesting to take animals and just rate them as If it is all mechanical systems, like mechanical solutions in animals, trying to model it using components that are available in engineering, such as springs, or clutches, or I don't know, dampers… So, trying to abstract the natural system, the animal in these type of terms, to make this link. This link is an aid, and this will allow people to use that in engineering. And because not everyone in engineering might be interested in animals or able to extract those principles, this step, I think, is a key contribution. Another thing that is important I think would be having movies of how animals […] do the different movements. (P10) One participant suggested that the information content of software tools could be organized as catalogues consisting of specification sheets of general metrics -such as energy, speed, mass, efficiency -for different organisms. These catalogues would make it easier for BID practitioners to evaluate and compare specific features of a range of organisms. The discussion of these three orientations to biology has shown several distinct ways of making connections between the natural world and new technologies. Therefore, it might be challenging, as our research participants pointed out, to find a single way of organizing information that would be relevant and helpful for all BID practitioners, or even for many of them. A variety of approaches would have to be accommodated.
Discussion
The participants' reflections on their own professional practice illustrate the complexity and diversity of real-world bio-inspired design activities. The project accounts that they offered combined three important ingredients: (1) people with specific skills and personal traits, such as appreciation of the role that serendipitous encounters can have in providing inspiration, curiosity and interest in a range of domains, and the ability to identify cross-disciplinary connections (2) 
Characteristics of BID processes
By reviewing the findings reported above, it is possible to represent the characteristics of the different BID processes associated with each project (see Figure 1 ). This representation illustrates the variety of approaches followed by the BID practitioners and it can be employed alongside our thematic analysis to gain further insight into how BID projects are conducted in the wild, and where opportunities might lie to provide support. We identify two characteristics of BID processes: the driving issue that initiated the project start; and the process stages that each project followed.
26 Figure 1 . Characteristics of the BID accounts offered by the participants. 'P' denotes problem-driven start; 'S' denotes solution-driven start; 'T' denotes theme-driven start. Consecutive Ps and Ss are used to represent moments when a different solution or a problem is identified on the same topic (P 1 , P 2 , etc.). Horizontal lines indicate the participants' role(s) in the project; dashed lines indicate that the project continued without the involvement of the expert. The gap in the line for P06 indicates the stages that were skipped during that project. Arrowheads indicate the direction of the process (in the case of P11, a conceptual application inspired by the biological source was used to investigate principles regarding the biological source's behaviour).
We identified the project start in relation to the moment when the participant began to work on the problem, or on the solution, that represents the essence of the project. Three types of project starts could be identified from the practitioners' accounts of their work: those that were problem-driven;
those that were solution-driven; and those that were theme-driven. The first two types of BID processes are often defined in the literature (Helms, Vattam, & Goel, 2009 ). However, this division is not always clear-cut, as sometimes problem-driven processes can evolve into solution-driven ones, similar to what Helms and Goel (2012) described as problem-solution co-evolution (also see Dorst & Cross, 2001; Maher & Poon, 1996) . This could be observed in our data too, but we also identified what we call theme-driven start. This refers to situations where only a theme or area of study was identified at the project's outset, with no particular problems or solutions in mind. In this more exploratory approach, the practitioners sought out opportunities for chance encounters, which might initiate a new BID project. This shines light on the fact that existing software tools primarily support deliberate search, which comes from either problem-driven or solution-driven orientations.
By looking at ways of supporting such exploratory approaches, one could develop a set of software tools that would be more useful to practitioners.
The real-world projects described in this study are more complex and include more stages than those previously described for other contexts. For example, research on BID processes in the classroom has identified four generic stages for BID processes: formulate a problem or search for objectives; search for biological analogues; analysis of a biological system; and transfer (Sartori, Pal, & Chakrabarti, 2010) . In contrast, we identified seven distinct stages mentioned by our research participants. Whilst no single participant referred to all of these stages, we include this range because each stage appears at least once in the collected accounts:
1. Defining problem, where a problem is set at the beginning, usually as a part of an academic research process. 2. Identifying source, where a biological structure or process is identified for study, either because it is seen to answer the identified problem or because of professional curiosity. 3. Extracting principles, where the working principles from the inspiration source are researched, or surface features of the source are examined from a design perspective. 4. Disseminating principles, where the extracted principles are disseminated -usually through publications 2 . When these publications are accessed by other practitioners, there is a chance that the studied biological source can meet real world problems. Therefore, many of the participants' projects started at this stage. 5. Applying principles (to generate a solution), where conceptual applications or prototypes are developed based on the disseminated principles. Some of the BID projects ended with the ideas being incorporated into technologies that could be marketed once they were introduced to an industrial setting; others were on the way to being marketed; while other applications solely served educational purposes. 6. Marketing solution, where the solution is targeted at its immediate 'users', whether that is customers (who will buy it) or those who will incorporate it into products. 7. Applying solution, where marketed solutions serve as technologies that can be utilized while developing products, for example as materials that can be used in developing other structures.
Not all of the project accounts that we report on here related to all of these stages, as the participants were sometimes only involved for some stages and not others. This potential variation in how and when practitioners engage with the BID process poses challenges BID tool development, because users may approach such tools with very different objectives and very different needs.
Tool requirements
Based on our findings, we identified several requirements that should be considered while developing an information tool. Some of those requirements overlap with the ones identified in Töre
Yargın and Crilly's (2015) Whether originating from this study or not, the various tool requirements can be structured according to the information content that the tool delivers and how the user of the tool interacts with that content. This is all summarised in Figure 2 , which represents the relationship between the tool requirements and the research themes discussed in Section 3. 
The information content of software tools
Regarding the information content of software tools, the main requirement that emerged was multiplicity. This was the case at all three levels of analysis: the skills set of individuals, practices of interdisciplinary collaboration, and orientations to nature in BID processes. Multiplicity can be delivered by increasing both the breadth and the depth of information that the tool provides. This should include several types of knowledge, such as a good mix of academic and general knowledge that would support individuals' interests in multiple fields. For the purpose of supporting interdisciplinary translation, it was suggested that software tools should include, for each entry, associated key terms from multiple disciplines. Regarding this issue, Shu (2010) and Cheong et al. (2011) propose a natural language processing approach to enable searching biological texts (such as books and papers) by using engineering terms. This helps to overcome the barrier of terminology difference when searching for relevant analogical sources in biology. Integrating such an approach to BID tool development enables users to familiarize themselves with the language employed in other domains. It would also allow BID tools to support designers in feeding back contributions to biologists, when design-driven enquiry yields new scientific questions or answers. Furthermore, multiplicity of content and of representations -including visual representations such as line art, photography and video simulation -could support a more complex understanding of the biological inspiration source. This could especially be the case for representing processes of interaction and exchange between different levels of the biological entity (e.g. between the organism and its environment).
Whether to focus on either breadth or depth of information seems to be one of the main questions facing those who develop the repositories that analogical design support tools draw from. There are tools that provide breadth of knowledge and that aim to allow experts to search through a variety of sources, such as BioMAPS and Natural Language-based search tools (Cheong & Shu, 2012; Shu, 2010) . Other tools, such as DANE , IdeaINSPIRE (Chakrabarti et al., 2005) and AskNature (Deldin & Schuknecht, 2014) focus on depth of information by providing access to wellanalysed and curated knowledge. A key step in the progression of BID software tools would be understanding how to identify the optimal balance of breadth and depth. The technique of mixing general and academic knowledge, which we described above, is one way of moving towards a balance of breadth and depth. Multiplicity of content can support open-ended interpretations. For example, when academic and general knowledge are brought together for cross-fertilization within the same platform, new interpretations of the information are permitted that combine the reader's disciplinary background, the opinions voiced in media stories, and the evidence presented in academic papers. Open-endedness is one of the two most important user requirements identified by Töre Yargın and Crilly (2015) and was highlighted as important in this study also.
A good mix of abstraction and exemplification is important for supporting the BID practitioners' interest in multiple fields. The abstraction of principles of how a biological system functions can be a key strategy for transferring and translating knowledge from biology to engineering. At the same time, a high degree of exemplification supports the situations when practitioners are addressing highly specific research questions which cannot be progressed before finding an exact example. The fixation effect that examples can induce is a critical concern in design generally (Cardoso & BadkeSchaub, 2011; Goldschmidt, 2011; Jansson & Smith, 1991) , and it has also been observed in BID specifically (Helms, Vattam, & Goel, 2009; Mak & Shu, 2008) . Abstraction might be important for overcoming this effect (but see Vasconcelos, Cardoso, Sääksjärvi, Chen, & Crilly, 2017) , while a high level of exemplification is important for BID questions that are highly specific. Regarding the mode of representation, practitioners considered the display of visuals such as line art, photography and video simulation alongside text to be a very useful way of presenting knowledge. Sometimes visual search is performed to review a wide range of inspiration sources in one glance. Visuals also act as shared representations that enable experts from different domains to see connections and to experience 'lightbulb moments'. Collaboration with people who can visualize how the end product will look, and who are able to employ visual representations in a cross-disciplinary way was generally considered a good work strategy in BID.
The new requirements highlighted by participants include cross-disciplinary education support. This refers to situations when, more than just being used as databases for BID examples, software tools could be employed as part of wider cross-disciplinary educational programs to train individuals in multiple domains that they could then build connections between. It was also suggested that the information content of BID tools should include examples of non-optimal solutions, such as situations when the path-dependant nature of evolutionary change leads to structures that are inefficient (such as the routing of the optic nerve in vertebrates resulting in blind spots).
Alternatively, there are instances where biological features that have not been fully understood in biological science have still been built upon in successful BID projects. It is also possible for features that are not necessarily considered to be efficient in the biological world to become inspiration sources for new and efficient products. By including such examples, software tools could support BID practitioners in remaining sceptical of simply mimicking biological solutions. It might encourage them to develop a more sophisticated understanding of the natural world, while highlighting the role that engineers and designers can have in feeding back new knowledge to the biological sciences.
Lastly, the information content of BID tools could be organized as models and catalogues including specification sheets of general metrics -such as energy, speed and mass -that could be employed to evaluate and compare a range of biological systems. This form of organizing information would be specifically useful for engineers and designers in choosing a source of inspiration that looks promising in relation to the parameters that they are interested in.
The interaction qualities of software tools
In the literature on creativity support tools it is suggested that interactivity supports exploration by eliciting reciprocity in communication -when the tool 'talks back to the users' (Resnick et al., 2005) .
However, existing BID tools do not focus much on interactivity, and neither does the analogical design support literature more generally. Our study emphasises that finding inspiration is not only desk-based, and that designers often stumble across or look for different channels that can direct them towards finding serendipitous associations. This is a more exploratory approach to finding inspiration that is not currently supported by existing BID tools which primarily focus on deliberate desk-based search activities. In order to support exploratory search activities that are conducted beyond the desk, tool developers could look into enhancing the interactivity features of BID tools, and the range of platforms they work on (e.g. mobile devices).
Transparency in the interaction with the tool was sought by practitioners in two different ways. First, a transparent, or 'open' system would allow experts from multiple fields to generate input using the language and approaches of their own specialist fields, rather than having the information filtered through the lenses of a single predefined field. Second, the participants were interested in seeing transparency in the way recommendation and reputation systems were invoked to support or legitimate specific pieces of information.
Customisation of the tool for different users (e.g. expert vs. novice) and for different working styles (e.g. systematic approaches vs. inspiration driven styles) can be effective in supporting creativity (Resnick et al., 2005) . Such adaptability can be managed manually by the user, or the tool can automatically adjust itself to the user's working style (Avital & Te'eni, 2009; Hewett & DePaul, 2000) .
This requirement for adaptability was expressed by our research participants in relation to connecting the tool to the personality and the work style of the user. When the search results are adapted to the user's personal traits -such as what type of learner they are -the experience of interacting with the tool comes closer to the ways in which one might browse through their favourite bookshop. The adaptability of BID tools can also be enhanced in order to address different work styles, especially where work-related activities and concerns are more integrated in designers' lives and in their other personal interests.
Lastly, tool adaptability could address problem or solution search at different stages in a BID process.
Current BID support tools are adaptable for problem search and for solution search and also for different levels of problem definition (Chakrabarti et al., 2005) . However, we suggest the tools should support problem and solution search activities across the different BID process stages identified in this study. For example, BID tools could support the brainstorming process of identifying possible solution and problem areas together, they could be employed to find application areas for theoretical principles elicited from a biological source, for finding a new market for an existing solution and for utilizing a marketed solution for a new problem.
Limitations
This is the first reported empirical study of practitioners' requirements for analogical design support tools. As such, it yields a number of new insights that can inform the development of those tools and also suggests directions for future studies to generate further insights. However, the study also has a number of limitations which should be considered when interpreting the findings and responding to them. Firstly, the sample of participants was relatively small, with just fourteen practitioners contributing to the study. Even this limited sample indicated that a broad range of perspectives and practices exist within BID. Some of that variation might be accounted for in the different levels of expertise that were present, as previous work has shown that novice and expert designers differ in how they identify, process and manipulate information and in how they construct analogies (for a review see Dinar et al., 2015) . Secondly, the sample was partially self-selecting. Although the precise population of interest was identified by the researchers, only those practitioners who voluntarily agreed to participate in the study were included, and thus it is plausible that the study overrepresents the views of those who are inclined to participate in research or discuss BID processes and BID tools. It is also possible that the study over-emphasises accounts of BID projects that were successful if those were the projects that the participants preferred to discuss. Furthermore, the interviews relied on introspection and recall from the participants and also required them to imagine new tools and scenarios, all of which can be difficult in interview settings.
To address the limitations of the present study, future work in this area might choose to expand on the results reported here by conducting further qualitative enquiry, especially interviews and observations that focus on specific kinds of BID project. Clearly, larger and more diverse samples of participants might be recruited, segmented according to level of expertise and targeting specific kinds of BID projects, including projects that failed in some way. Such work could incorporate interventions in practice, seeing the effect that BID tools have in a range of projects and at the various stages at which they might be used. Feedback on these tools could then be elicited (without requiring excessive recall or imagination), to gain a better understanding of the user requirements that emerged during use on live projects. In particular, it would be interesting to understand if the user requirements that were not highlighted in this study (see Section 4.2) actually are important to practitioners or whether they have been overstated in more theoretical works. Such enquiries could be usefully combined with a range of manipulations to the tools themselves, generating further insights into designers' information and interaction practices. One useful way of collating the results of these studies and identifying opportunities for tool development would be to measure the extent to which the emerging requirements are satisfied by the existing and newly developed tools (e.g. by combining Figure 2 of this present paper with Figure 7 in Fu et al., 2014) . This might be developed further, by combining such an assessment with an analysis of the parts of the BID process that the tools are used in (e.g. the seven stages identified in this present, the eight steps identified by Fayemi et al., 2017, or some other process description altogether).
Conclusion
Tools that assist in the construction of analogies can serve designers in some of the most difficult challenges in design: the identification of principles and precedents that are related to (however distantly) the design task under consideration. This is especially so in biologically-inspired design, where acquiring the knowledge required to understand both natural and technical systems is very demanding. For developers striving to provide support tools, there are a number of activities that must be undertaken. They must generate a broad and detailed catalogue of possible sources for designers to draw from; they must determine how that information should be structured and presented; and they must also implement an interface to that information, one which promotes interactions that are engaging and effective. Doing all this without a detailed understanding of the user requirements for such tools is likely to make the development process more difficult and less efficient. In contrast, developing design support tools according to a well-grounded understanding of practitioners' requirements promises to allow the development of more effective tools and also increase uptake. By studying the experiences and preferences of BID practitioners, we hope to have begun the detailed exploration of their requirements in this paper. Conducting further work into these requirements and the relationships between them would develop the foundation upon which analogical design support tools can be developed and deployed, and assist in realizing their potential in design research, practice, and education.
